This paper attempts to investigate the problem for the interaction between a screw dislocation and a piezoelectric circular inhomogeneity with interface cracks in viscoelastic matrix. Utilizing the Laplace transform method, we find that the viscoelastic problem is first reduced to an associated elastic one. After solving the associated elastic problem through complex function method, the solution of viscoelastic problem is obtained by using the inverse Laplace transformation. The viscoelasticity of material is modeled by the combination of spring and dashpot. Particularly, the boundary value problem for standard linear solid model is solved analytically. The analytical results show that the force acting on the dislocation depends on the piezoelectric properties of inhomogeneity and interfacial crack, and the magnitude of the force evolves toward a constant value as time elapses. However, the viscoelasticity of material cannot alter the equilibrium position of the dislocation. Results presented in this paper are in agreement with the previous solution as special cases.
INTRODUCTION
Due to their intrinsic electromechanical coupling property, piezoelectric materials are used extensively in electromechanical devices such as actuators, sensors, and transducers, etc. The presence of various defects, such as voids, dislocations, cracks and hard inclusions can greatly influence their characteristics and behavior. Interfacial defects can be produced inevitably in the process of manufacture and by using of composite materials. Therefore, in order to predict the performance and integrity of piezoelectric devices, it is important to analyze the behavior of such defects under both electrical and mechanical loads. A great deal of works on dislocations and cracks in elastic piezoelectric composite materials have been published in literature [1 -9] . The elastic dislocation theory has been developing for more than 70 years and has acquired many achievements. For the viscoelastic effects of dislocation, Zhang et al. [10] investigated the dislocation stress fields and dislocation energy in polymers. Recently, composite piezoelectric materials have been developed by combining piezoceramics with passive non-piezoelectric polymers. The molecule chains of polymers are very long and thus are flexible. Therefore, polymer may creep, exhibiting viscoelastic behavior evaluated in terms of longitudinal modulus [11] , which can affect the electromechanical behavior of piezoelectric composites greatly. Beldica and Hilton [12] presented the analytical and computational simulations of nonlinear viscoelastic beams bending with piezoelectric control. Berger et al. [13] considered the modeling of 1 -3 periodic composites made of piezoceramic (PZT) fibers embedded in a soft non-piezoelectric matrix (polymer). Hammamic [14] dealt with the problem of unidirectional piezoelectric composites made of PZT ceramic fiber embedded in a polymeric matrix. But neither Berger et al. [13] nor Hammamic [14] took the defects of interfaces and materials into account. Liu [15] studied the behavior of an interfacial crack between a piezoelectric material and an elastic material under in-plane electric loading. However, the interaction between dislocations and inhomogeneities and viscoelasticity of materials were not considered.
The present paper provides an analysis to the interaction between a screw dislocation and a piezoelectric circular inhomogeneity with interfacial cracks in viscoelastic matrix, which is subjected to remote longitudinal shear. By using the Laplace transform method, the electro-viscoelastic problem is first reduced to an associated electro-elastic problem. The explicit solution is derived by means of Laplace transform method. Numerical analysis and discussion show that the influence of the visco-effect of material upon the interaction between the dislocation and the piezoelectric inclusion with imperfect interface is significant.
BASIC FORMULA AND PROBLEM DESCRIPTION
A transversely isotropic piezoelectric media belongs to hexagonal crystal class 6 mm which has been poled along the z-direction with an isotropic x-y plane. For the sake of the matrix is subjected to remote longitudinal shear, only coupled out-of-plane displacement and in-plane electric field need to be considered so that there are only non-trivial displacement w, stresses t xz and t yz , electric potentialand electric displacement components D x and D y in the Cartesian coordinates. All components are only functions of variables of x and y. The generalized displacement and generalized stress can be expressed by a two-dimensions complex variable vector f(z) [16] (1) (2) where and Re denotes the real part, i = ÷-1, F(z) = f'(z), and the superscript T and prime denote matrix transpose and derivative with respect to z, respectively. C 44 is the longitudinal shear modulus at a constant electric field, e 15 is the piezoelectric modulus, and d 11 is the dielectric modulus in a constant stress field. For non-piezoelectric materials, coefficients e 15 and d 11 vanish.
It is well known that the constitutive equations of viscoelastic materials, in the Laplace tranformed field, are similar to those of elastic
the elctroelastic interfacial crack problem [17] will be adopted directly in the following text.
GENERAL SOLUTION OF PROBLEM
For anti-plane problems it is well known that stresses and displacements can be represented by a complex potential F(z). After considering boundary conditions and using elastic complex potentials theory of Muskhelishvili [18] , the complex potentials F 1 (z) and F 2 (z) can be derived.
where Here X 0 (z) is single-valued branch in the plane cut along with L' and lim z n ·X 0 (z) = 1 for (z) ô ∞. For the piezoelastic material I, M 1 = M 1 . The remaining integration constants are determined from the generalized displacement continuity conditions at the tips of cracks.
This is a system of linear algebraic equations solving for the unknown constants. Once F 1 (z) is available, F 2 (z) can be simply obtained from Eq. 5.
aterials. In addition, other basic equations including stress equilibrium and compatibility equations are all similar to the corresponding elastic ones. Consequently, viscoelastic medium can be treated as an elastic one in the transformed field. Therefore, the viscoelastic solutions can be obtained from the associated elastic solutions by using the Laplace inverse transform. We introduce fˆ(p) as the Laplace transform of f(t), that is
The problem presented here is shown in Fig. 1 . Let piezoelectroelastic medium I with electro-elasticity modulus M 1 occupiy the region S + , interior to the circle of radius R, while non-piezoelectric medium II with modulus M 2 (for M 2 , e 15 ,and d 11 equal to zero) occupy region S, exterior to the circle. At time t = 0, a non-piezoelectric screw dislocation b = {b y , o} T is located at arbitrary point z 0 inside region S -, and antiplane mechanical loads (t xz and t yz ) are applied at infinity. Serial circular interfacial cracks lie along a part L of the interface between two materials with the end points a j and b j and the cracks surfaces are free. L' is the remainder of the interface where the inhomogeneity and the matrix are perfectly bonded, stresses and displacements keep continuous.
Since in the transformed field, the viscoelastic problem can be reduced to the associated elastic problem. The method and results of
Interaction of a screw dislocation and piezoelectric inhomogeneity with interfacial cracks model. these restrictions the viscoelastic solution can be immediately obtained by applying the correspondence principle. Therefore, applying the Laplace inverse transform method to Eq. 9, the analytical formula of the stress and electric displacement intensity factors near the crack tip b can be obtained.
with where the operational symbol * expresses convolution integration, that is It is obvious that the time-dependent stress and electric displacement intensity factors can be simply solved by integrating Eq. 10 only if the properties of materials I and II, the remote loads and the Burgers vector of dislocation are available. As one expects, the viscoelastic electric displacement intensity factor near the crack tip b equals zero.
FORCE ON THE DISLOCATION
The force acting on the dislocation is a significant physical quantum for understanding interacting mechanism in studying the interaction effects of dislocations and piezoelectric inhomogeneities. And the dislocation force can be obtained by using the Peach-Koehler formula [1] (referring the supplementary material which is available online at Appl. Rheol.). Considering a proportional loading condition at infinite (i.e. t xz ∞ = ht yz ∞ , denoting t yz
) the dislocation force can be expressed further as shown in the supplementary material. Here, there are four time factors f Fk (t) (k = 1, 2, 3, 4) in the dislocation force formula. If the model of viscoelastic properties of material is obtained the explicit expression of dislocation force can be found by
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EXCLUSIVE SOLUTION FOR TYPICAL CASE
As a typical case the interface is considered to contain a single crack. Without loss in generality it is assumed that an arc-crack symmetrically placed with respect to the x-axis whose ends are located at a = Rexp (-iq) and b = Rexp (iq) on |z| = R. In this case, we have
By substituting Eqs. 7 and 8 into Eqs. 1 and 2 the generalized displacements and generalized stresses in inhomogeneity and matrix can be obtained, respectively. Stress and electric displacement intensity factors near the crack tips are very important and meaningful physical quantum. By using the conventional definition [17] , stress and electric displacement intensity factors K t and K D near the crack tip b can be expressed as (9) 
VISCOELASTIC SOLUTION
If the analytical solution to an elastic problem is both available and Laplace transformable, the Laplace transform of the solution can be extracted to the corresponding viscoelastic problem simply by replacing the elastic material properties in the Laplace transform of the elastic solution. The viscoelastic solution is then found by taking the inverse Laplace transform. An important restriction to this method is that it can only be used in cases where the essential and natural boundaries are independent of time. Without calculating the Laplace inverse transformations in the time factors. The viscoelastic behavior of materials can be represented by a combination of springs and dashpots elements. In this present work, the viscoelastic material behavior is modeled as a the standard linear solid (see Fig. 2 ) [19] . Assuming f t (t) = f b (t) = H(t) (with H(t) denoting the Heaviside unit step function), that is the quasi-statically remote uniform antiplane shear and quasistatically uniform dislocation b z being applied at time 0 -. Through calculating the Laplace inverse transformations of time factors we obtain the explicit solution of dislocation force (see supplementary material).
Assuming t = 0 and G 1 = C 44 (2) , the dislocation expression is reduced to the solution of the interaction between an screw dislocation and a circular piezoelectric inhomogeneity with single crack in elastic matrix, which is in agreement with the degenerative result of Liu and Fang [17] . Here the details for saving space are omitted. Assuming q = 0, namely, interfacial crack vanishes. The solution on the viscoelastic interaction between a screw dislocation and a piezoelectric circular inhomogeneity can be obtained. (11) This is the new solution. With the aids of above solutions, we can discuss the influence of material properties and interface defects on dislocation easily.
NUMERICAL ANALYSIS AND DISCUSSION
For the convenience of comparing it with previous solutions, we analyze the special case when the dislocation lies on x-axis in the absence of remote generalized loads. The normalized force on dislocation is defined as standard linear solid (Fig. 2) . It is further assumed that the bulk modulus K of matrix material is constant, i.e. K = K 0 and that for PZT-5H piezoelectric ceramics C 44 0 = 3.53 · 10 10 N/m 2 , e 15 0 = 17 C/m 2 , and d 11 0 = 1.51 · 10 -8 C/Vm . Let the inhomogeneity now be a piezoelectric material with properties C 44
(1) /m o = x, e 15 (1) /e 15 0 = l, and d 11 (1) /d 11 0 = 1. The time-dependent normalized dislocation force F x0 (t) versus b with different t/t o for a = 10, x = 10, q = p/12, and l = 1 is depicted in Fig. 3 . It can be easily found that at different time, the hard inhomogeneity (x = 10) and interfacial crack repel the dislocation first and then attract it when the dislocation approaches to the crack from infinity along with x-axis. There is an unstable equilibrium position in-axis and the dislocation force equals zero at that point. Noticeably, viscosity of material impacts the dislocation force significantly, and the impact from the position of location on the dislocation force decreases as time elapses.
The variation of the normalized dislocation force F x0 (t) versus crack radian q with different t/t o is plotted in Fig. 4 for b = 0.85, a = 10, x = 10, and l = 1. The dislocation force will decrease with the increment of the crack's length. When the length of the crack reaches a critical value, there is a stable equilibrium position in-axis and the force equals zero at that point and the dislocation force will alter the direction at different time. The impact from the length of the crack on the dislocation force will lower significantly as time elapses, and it is very slight when time tends to be infinite.
In Fig. 5 , we illustrate the variation of normalized dislocation force F x0 (t) versus l with different t/t o for a = 5, x = 2, b = 0.8, and q = p/6. It is clear that at different time the magnitude of the time-dependent dislocation force is smaller when l becomes larger for the case l < 0, while the magnitude of the time-dependent dislocation force is larger when l becomes larger for the case l > 0. The dislocation force possesses a minimum value when l equals zero and it decreases as time elapses.
The variation of normalized dislocation force F x0 (t) versus t/t o with different l for a = 5, x = 1, b = 0.85, and q = p/12 is depicted in Fig. 6 . It is found that the effect of piezoelectricity on the dislocation force is strong, however, it is relatively weak when t/t o reaches a certain value. Fig-107 Applied Rheology Volume 16 · Issue 2 ure 7 shows the variation of normalized dislocation F x0 (t) versus t/t o with different q for a = 10, x = 10, b = 0.8, and l = 1. It can be infered to a fact that the time effect on the dislocation force is significant. All the absolute values of dislocation forces with different radians of crack will become smaller as time elapses, and decrease to approach different constant values.
The variation of the normalized dislocation force F x0 (t) versus b with different a for t/t o = 0.1, x = 10, l = 1, and q = p/12. It can be found that the viscoelastic effect on the dislocation force is much stronger when the dislocation approaches the interface along with x-axis. The magnitude of the dislocation force attenuates to a larger extent whenis larger. When a equals one, the material is absolute elastic and the variation of dislocation force is identical to the one which is plotted in Fig. 3 at t = 0. The material deforms like standard linear solid model. Numerical results obtained demonstrate that the viscoelasticity plays an important role in determining the dislocation force, and the magnitude of the dislocation force will decrease and drive to a constant value at last, however, the viscoelasticity of material has no effect on the changes of the equilibrium of dislocation which is different from the inhomogeneity and interfacial cracks. Based on the discussion we have mentioned above it is suggested that viscoelasticity should be taken into account in the analysis of the interaction between dislocation and piezoelectric inhomogeneity in non-piezoelectric matrix.
Volume 16 · Issue 2 viscous fluid which can not resist the dislocation and the dislocation force vanishes as a tends to infinity.
CONCLUSION
This paper makes a detailed investigation to the problem of interaction between a screw dislocation and a piezoelectric circular inhomogeneity with single interfacial crack in viscoelastic matrix, which is subjected to remote longitudinal shear. By using the Laplace transform method, the electro-viscoelastic problem is first reduced to an associated electro-elastic problem. Then it is solved through elastic complex potentials method. The viscoelastic stress intensity of crack tip and the viscoelastic force acting on dislocation are derived analytically by Laplace inverse transformation. Particularly, the explicit solutions of dislocation force are obtained for 
